Background-Radiofrequency catheter ablation (RFA) has emerged as an important treatment strategy for atrial fibrillation (AF). The potential cost-effectiveness of RFA for AF, relative to antiarrhythmic drug (AAD) therapy, has not been fully explored from a US perspective. Methods and Results-We constructed a Markov disease simulation model for a hypothetical cohort of patients with drug-refractory paroxysmal AF, treated either with RFA with/without AAD or AAD alone. Costs and quality-adjusted life-years were projected over 5 years. Model inputs were drawn from published clinical trial and registry data, from new registry and trial data analysis, and from data prospectively collected from patients with AF treated with RFA at our institution. We assumed no benefit from ablation on stroke, heart failure or death, but did estimate changes in quality-adjusted life expectancy using data from several AF cohorts. In the base case scenario, cumulative costs with the RFA and AAD strategies were $26 584 and $19 898, respectively. Over 5 years, quality-adjusted life expectancy was 3.51 quality-adjusted life-years with RFA versus 3.38 for the AAD group. The incremental cost-effectiveness ratio for RFA versus AAD was thus $51 431 per quality-adjusted life-year. Model results were most sensitive to time horizon, the relative utility weights of successful ablation versus unsuccessful drug therapy, and to the cost of an ablation procedure. Conclusions-RFA with/without AAD for symptomatic, drug-refractory paroxysmal AF appears to be reasonably cost-effective compared with AAD therapy alone from the perspective of the US health care system, based on improved quality of life and avoidance of future health care costs. (Circ Arrhythmia Electrophysiol. 2009;2:362-369.)
S
ince its earliest reports a little more than a decade ago 1,2 radiofrequency catheter ablation (RFA) for atrial fibrillation (AF) has undergone rapid evolution in its techniques and emerged as an important option in the treatment of patients with AF. 3 Several small, randomized studies have established that ablation reduces AF recurrence more effectively than antiarrhythmic drugs (AADs) in patients who have failed previous AAD treatment 4 and yields superior improvements in symptoms and quality of life. [5] [6] [7] 
Clinical Perspective on p 369
Because the population of patients with AF is large and growing, 8 management decisions about AF are likely to have important implications for future population health and health care spending. 9, 10 To date, information regarding the potential cost-effectiveness of catheter ablation for AF relative to medical therapy is limited. Although a few previous studies have suggested that the up-front costs of catheter ablation may be partly-if not fully-offset by the avoidance of later AFrelated resource use [11] [12] [13] [14] or adverse events such as stroke, 15 none of these studies has directly integrated data on changes in quality of life related to maintenance of sinus rhythm.
To gain a better understanding of the benefits and costs of AF ablation relative to medical therapy, we developed a disease-simulation Markov model for a hypothetical cohort of patients with paroxysmal AF who had failed previous treatment with 1 or more AADs. Drawing from a variety of sources, we estimated costs, quality-adjusted life expectancy, and cost-effectiveness of RFA with/without AAD relative to continued AAD therapy alone over a 5-year time horizon.
Methods

Modeling Strategy and Basic Assumptions
We developed a Markov disease-simulation model comparing RFA with/without AAD with AAD therapy alone for patients with paroxysmal AF refractory to 1 or more AADs. This population was chosen because consensus guidelines have endorsed ablation in these patients 3, 16 ; because ablation appears to potentially yield better results in patients with paroxysmal AF compared with patients with persistent AF [17] [18] [19] ; and because there is a larger body of randomized evidence available for patients with paroxysmal AF (as opposed to those with persistent AF or mixed populations) from which to derive model parameters. The published literature suggests that the majority of patients currently referred for ablation are male, under age 60, and do not have advanced heart failure. 4 We therefore modeled outcomes for a cohort of 60-year-old men without severe structural heart disease.
The model has a 5-year time horizon, which we believe is long enough to capture most of the major changes in resource consumption and quality of life after an initial decision on AF management and because this corresponds roughly with the longest follow-up of outcomes with either ablation or AAD therapy published in the literature. 20, 21 The impact of time horizon was tested in sensitivity analysis. The cycle length was 1 month, and all analyses were based on the societal perspective. Future costs and quality-adjusted lifeyears (QALYs) were discounted at 3% per year, and this rate was also varied in sensitivity analysis. 22 We used TreeAge Pro 2005 software (TreeAge, Williamstown, Mass) for all model programming and calculations.
For the sake of estimating cost-effectiveness over a medium-term time horizon, we assumed that patients assigned to drug therapy cannot "cross over" to ablation within the model. This construction more accurately estimates the true incremental value of ablation compared with drug therapy, as opposed to one that ultimately compared an up-front ablation strategy with "delayed" ablation after additional drug failure, assuming that the rate of drug failure would be significant. 5, 6, 13 Model Structure Figures 1 through 3 summarize the basic structure, health states, and possible transitions between health states used in the model. Two basic Markov processes were constructed: one for patients completing an uncomplicated ablation or having a reversible procedural complication, and another for the AAD therapy cohort (Figure 1 ). With the exception of a procedure-related stroke, ablation patients having a nonfatal procedural complication incurred an immediate cost and short-term disutility, but after that followed the same path as patients without a procedural complication. On the other hand, we assumed that a procedure-related stroke would affect both quality-adjusted life expectancy and costs in the long term, and these effects were estimated from previous literature (states not shown in Figure 2 ). 15 The ablation Markov process ( Figure 2 ) assumes that patients will progress stepwise from one therapy to the next, based on whether or not they have symptomatic AF recurrences on their current treatment. Thus, patients recurring after a first ablation restart guidelinerecommended first-line AAD therapy with either sotalol or flecainide (moving from the "well Abl 1" to the "AAD 1" health state), 16 based on numerous reports that some patients respond to previously ineffective AADs after ablation. Patients with recurrent AF despite 1 ablation and the addition of first-line AAD therapy (or those experiencing drug toxicity) proceed to repeat ablation (moving from AAD 1 to Abl 2). Those who recur despite a second ablation commence treatment with second-line AAD treatment (moving from Abl 2 to AAD 2), and patients failing second-line drug treatment cease further efforts at rhythm control and are treated with pharmacological rate control. We made the conservative assumption that ablation patients would not be treated with amiodarone.
The AAD Markov process follows generally similar logic ( Figure  3 ). Patients initially receive a first-line drug (sotalol or flecainide) and enter the "well 1st drug" state. In the event of toxicity or therapeutic failure, they proceed to treatment with amiodarone ("well amio" state), and in the event of amiodarone failure are treated with rate control ("RC/AC"). Amiodarone was chosen as the second-line agent for all patients in the drug arm, based on its superiority over other drugs at maintaining sinus rhythm. [23] [24] [25] All patients face a background rate of mortality based on their age and sex and can therefore transition from any health state directly to death in either arm of the model (not shown in figure) . 26 Aside from small risks of procedural death or fatal drug toxicity (see Appendix), the model assumes that the risk of death is the same for all health states and interventions except after major stroke after an ablation. Further, because the potential for either drug therapy or ablation to reduce the long-term risk of stroke has not been proven, we assumed that the incidence of stroke would be the same for both therapies and therefore did not explicitly consider stroke as an outcome in the model, except as a potential complication of ablation. In keeping with current recommendations, 3 we also assumed that long-term anticoagulation practices and related costs and complications would be equivalent between groups.
Risks of both fatal and nonfatal antiarrhythmic drug toxicity were taken from the literature (see online-only Data Supplement) and applied equally to ablation and nonablation patients. In the ablation arm of the model, it was assumed that patients having drug toxicity after a single ablation would have recurrent AF and undergo repeat ablation, whereas patients having drug toxicity after 2 ablations would then be treated with rate control.
Model Inputs
Inputs for the model were drawn from a variety of sources, including completed clinical trials, a large registry of patients with new-onset AF, prospectively collected data from patients treated at our institution, and analysis of Medicare claims data. Risks of events were allowed to vary over time by incorporating probability tables and tunnel states into the model. The base case estimate, range of values used in sensitivity analysis, data sources, and additional details are provided in the Appendix. Some general discussion regarding data sources and key inputs is provided here.
Event Probabilities
The risks of procedural complications after AF ablation were taken from published randomized and nonrandomized series and a large international survey on AF ablation outcomes. 27 The likelihood of successful sinus rhythm maintenance for each of the strategies in both the ablation and drug arms of the model were taken as much as possible from recent randomized studies 5, 28, 29 but were cross referenced with more general sources. 27 We assumed a single-procedure efficacy rate of 60% for ablation and calibrated the model to achieve a 25% rate of repeat ablation (with some patients achieving successful rhythm control on AAD therapy after 1 ablation) and a 10% overall failure rate with the ablation strategy. We assumed that 75% of patients treated with first-line drugs (and no ablation) would recur within 1 year and that 65% of patients treated with amiodarone as second-line therapy would recur within 1 year. These recurrence rates with AAD therapy are slightly higher than in a recent AAD comparative efficacy trial 24 but are consistent with recurrence rates in recent randomized studies comparing ablation with drug therapy in patients with paroxysmal AF with previous drug failure. 5, 28, 29 
Costs
The costs of drug therapy for AF were primarily derived from the FRACTAL registry 30 and the health economic substudy of the AFFIRM trial. 31 The cost of catheter ablation was estimated from our local cost-accounting system, and recently published estimates from the United States and Canada 12, 15 were used in sensitivity analysis.
Quality-of-Life Adjustment
Although quality of life has been assessed in studies of many AF interventions, 32 there is very little published information available regarding utilities in patients with AF, 33 particularly in AF ablation populations. To address this lack of data, we derived utilities for 3 separate populations of patients with AF to estimate the likely changes that might be observed after successful ablative or drug therapy.
For drug-treated patients, we used SF-12 questionnaire 34 data from the FRACTAL registry 35 and calculated utilities for these patients using the method proposed by Brazier. 36 For ablation patients, we used a similar transformation of responses to the SF-36 questionnaire 37, 38 to estimate the change in utility experienced by a prospective cohort of patients undergoing catheter ablation at Beth Israel Deaconess Medical Center. Finally, we also calculated utilities using SF-36 data for patients enrolled in the Atrial Fibrillation versus Antiarrhythmic Drugs (A4) trial 5, 39 to estimate the comparative changes in utility for patients treated with drugs versus ablation. Based on these analyses, the change in utility from baseline to successful sinus rhythm maintenance was set at 0.065 (see Appendix for additional details). In the model, utilities corresponding with each health state were summed over the amount of time spent in that health state to calculate QALYs.
Secondary Analyses
One-way sensitivity analyses 40 for all model inputs were performed and plotted in a "tornado" diagram. Two-way sensitivity analysis was performed on the utility of successful sinus rhythm maintenance after ablation and the utility of the rate control health state to better display the joint impact of these important variables on the model's cost-effectiveness estimates. Figure 4A and 4B display the state probabilities for the ablation and AAD cohorts, respectively, plotted against time. Based on the model inputs, 60% of ablation patients remain well after a single procedure, Ϸ10% eventually fail all therapies and progress to a rate control and anticoagulation strategy, and the remainder of ablation patients either achieve control of their AF with a second ablation and/or adjunctive AAD therapy or die during follow-up. For the AAD cohort, the majority of patients fail first-line treatment over 1 year and transition to amiodarone. However, over time, roughly two thirds of patients fail AAD treatment altogether and progress to a rate-control and anticoagulation strategy. Based on the low estimates of fatality from procedural complications or drug toxicity, projected all-cause mortality was equivalent between groups (7.7% ablation versus 7.8% AAD).
Results
Base-Case Results
In the base-case scenario, cumulative costs with the RFA and AAD strategies were $26 584 and $19 898, respectively. The initial difference in costs between strategies is roughly $10 000 but narrows over time as a larger proportion of AAD patients have symptomatic recurrences, leading to increased resource consumption and changes in therapy. Over 5 years, the RFA cohort lived 3.51 QALYs, versus 3.38 for the AAD group. The incremental cost-effectiveness ratio (iCER) for RFA versus AAD was thus $51 431/QALY. Removing the age-and sex-related background mortality from the model increased costs in both groups to a similar extent and modestly increased the incremental quality-adjusted life expectancy in favor of ablation (3.64 versus 3.50 QALYs), slightly reducing the iCER to $47 333 per QALY. Figure 5 displays the impact of varying key input variables on the iCER. Within the plausible ranges for these variables (see also Appendix), the model was insensitive to changes to the discount rate, the probability or cost of procedural complications or drug toxicity, or assumptions about the efficacy or cost of first-line antiarrhythmic drug therapy. In no case did changes in these parameters increase the iCER above $60 000 per QALY.
Sensitivity Analysis
The model was moderately sensitive to the cost of amiodarone therapy, the cost of drug loading, the cost of AF care under a rate control strategy, and the assumed rate of single procedure efficacy with ablation. Changes in these parameters did not increase the iCER to more than $80 000 per QALY.
The model results were most sensitive to the time horizon of the analysis, the cost of ablation, and to the relative utility weights of successful ablation versus unsuccessful drug therapy. Predictably, higher assumed values for the cost of ablation increased the iCER, which was Ϸ$100 000 per QALY at a single procedure ablation cost of $20 000. Holding all other parameters constant, a time horizon of 3 years resulted in incremental costs of Ϸ$9900 and an unfavorable iCER of $157 000 per QALY, whereas a time horizon of 10 years resulted in near cost neutrality and larger incremental QALY gains favoring ablation, resulting in an iCER of Ͻ$1000 per QALY. As shown in Figure 5 , relatively small changes in the utility weights assigned to either the well states after ablation or the rate control state had a significant impact on the estimated iCER. The interplay between these variables is further highlighted in Figure 6 . In general, the iCER for ablation versus AAD therapy was Ͻ$100 000 as long as the difference between these utility scores was 0.04 or greater. Larger differences in utility resulted in quite favorable iCERs, whereas smaller differences yielded iCERs in the economically unattractive range.
Discussion
Multiple studies have demonstrated clinical benefits of catheter ablation for AF, including improved maintenance of sinus rhythm and improved quality of life, compared with AAD therapy. In the current study, we used a disease simulation model to project costs and quality-adjusted life expectancy for a population of 60-year-old men with drugrefractory atrial fibrillation who were treated with either RF ablation (with/without adjunctive AADs) or continued medical therapy. Using assumptions based largely on the current medical literature, we found that ablation was reasonably cost-effective compared with AAD therapy alone from the perspective of the US health care system, even within a relatively short time horizon and even without assuming that ablation reduces the risk of stroke, heart failure, or death. The modeled results were most sensitive to assumptions about the cost of ablation and the difference in quality of life (utility) between successful and unsuccessful sinus rhythm maintenance.
Few previous studies have examined the potential costeffectiveness of catheter ablation for AF. Chan et al, 15 also using a Markov model, projected the potential costeffectiveness of left atrial catheter ablation, compared with amiodarone or rate control, based on hypothetical reductions in the risk of stroke after ablation. Potential improvements in quality-adjusted life expectancy resulting from successful maintenance of sinus rhythm alone were not considered. Although a large nonrandomized series from 1 center has suggested that AF ablation reduces morbidity and mortality relative to drug therapy, 20 adequately powered randomized studies to test this hypothesis have not been completed. We constructed our model assuming no benefit for ablation on the risk of stroke; if such a benefit is eventually proven, it would only improve the costeffectiveness of ablation.
Khaykin et al 12 performed a cost comparison of catheter ablation for AF and antiarrhythmic drug therapy based on health care utilization patterns from Canada and France using Canadian price weights and concluded that costs would equalize over 3 to 8 years of follow-up (4.5 to 11 years with 3% discounting applied) due to higher long-term health care costs with AAD treatment. Although we used a US rather than Canadian perspective, our results regarding the relative costs of ablation and drug therapy are qualitatively similar to this previous study. Longer-term extrapolations of our model indicate cost neutrality after Ϸ10 years, an estimate within the range of the previous authors' sensitivity analyses. The longer time for this equalization of costs in our model may be due both to the higher up-front cost of ablation in the United States and to the fact that our model shunts the drug cohort toward less expensive rate-controlling drugs over time. In contrast, the Khaykin et al study 12 assumed that the use of antiarrhythmic drugs would remain constant over long periods of time, an assumption we find unlikely. 41 Most recently, an economic model of a randomized pilot study of AF ablation as first-line therapy for paroxysmal AF was performed, 13 again using Canadian price weights. In this study, costs were nearly equal after 2 years, in large part because of a 49% rate of crossover to ablation in patients initially assigned to AAD therapy. We did not explicitly evaluate a delayed ablation strategy in our model because we believe the pertinent health policy and reimbursement question is not the timing of ablation but its incremental value over available rhythm control therapies.
The major difference between our study and prior economic assessments of AF ablation is the explicit incorpora- tion of quality-of-life adjustment as it pertains to sinus rhythm maintenance, which permits the expression of results in dollars per QALY, the recommended metric of costeffectiveness analysis. 22 The utility weights used in our analysis were derived from analysis of empirical SF-12 and SF-36 data from 3 separate AF populations (2 treated with ablation), with highly concordant results (see Appendix). In these populations, mean utilities varied from Ϸ0.72 to 0.80, which agree well with cross-sectional EQ-5D scores published by the Euro Heart Survey for AF. 33 Our sensitivity analyses indicate that until and unless morbidity and mortality benefits are proven, the costeffectiveness of AF ablation relative to AAD therapy will remain highly contingent on the incremental gains in quality of life the procedure can provide, at least over a short-to medium-term time horizon. This implies that AF ablation is unlikely to be cost-effective for patients who enjoy preserved baseline quality of life despite their AF or for patients whose quality of life is not likely to substantially improve despite elimination of AF (eg, patients with poor quality of life mainly due to other health problems). We believe these observations offer insights into patient selection for AF ablation that are congruent with clinical judgment and current consensus recommendations. 3, 16 Our model may suggest additional insights into what factors may increase or decrease the likelihood of ablation being cost-effective. Increased single-procedure efficacy, reduced procedural cost, and/or increased symptomatic benefit would all improve the cost-effectiveness of ablation relative to AADs. On the other hand, a short time horizon, reduced costs for drug loading and follow-up care, better baseline quality of life, a smaller change in quality of life after ablation, and a greater probability of symptom reduction on AAD therapy would all tend to make ablation less attractive from a cost-effectiveness perspective.
We believe the assumptions used in our base case were conservative and, if anything, slightly biased against ablation. For example, longer time horizons would improve the costeffectiveness of ablation, but we do not think that the current evidence base permits extrapolation of results beyond 5 years. Additional conservative assumptions in our model included not using amiodarone (known to have greater efficacy than alternative drugs) in the ablation arm of the model and estimating single-procedure efficacy with ablation at 60%, with a 25% rate of repeat ablation. Although centers of excellence have reported better results than these, we think that these estimates are probably representative of current general practice. 18 Although nonrandomized studies [42] [43] [44] have suggested that AF ablation in patients with reduced left ventricular systolic function can improve left ventricular function, functional status, and quality of life, we did not incorporate improvements in heart failure into our model.
Our study has important limitations. First, the results of this model cannot be directly applied to other subsets of the AF population (eg, newly detected, persistent, or longstanding persistent) because the baseline characteristics of those patients, the ablation methods required to achieve long-term success, and the outcomes with ablation and drug therapy are probably all different than those we estimated. We did not model all possible treatment strategies for patients with paroxysmal AF. In selected patients, pharmacological rate control alone or pacemaker implantation in conjunction with ablation of the AV junction may be reasonable alternatives. At present, however, there are limited data directly comparing these strategies with ablation from which to draw model inputs, and our model assumed that patients were seeking rhythm control strategies because of dissatisfaction with rate control alone.
As always with cost-effectiveness modeling studies, ours required simplifying assumptions and use of some uncertain parameters. One area of particular difficulty in this model was estimating when symptomatic AF recurrences would prompt a change in therapeutic strategy, as trials of AF interventions typically report all detected recurrences (or time to first recurrence) regardless of whether or not such recurrences would actually be considered a true therapeutic failure. For this reason, we attempted to define model parameters that mimic published results, for example, in terms of repeat ablation, drug discontinuation, and concomitant use of AADs after ablation.
Finally, we recognize that not all technical approaches to catheter ablation for AF are the same and that ablation techniques are rapidly evolving. This was another reason that we chose to focus on ablation for paroxysmal AF, in which the procedural focus remains more or less focused on electrical isolation of the pulmonary veins. 3 
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